Problems of production and study of new neutron-enriched heavy nuclei are discussed. Low-energy multinucleon transfer reactions are shown to be quite appropriate for this purpose. Reactions with actinide beams and targets are of special interest for synthesis of new neutron-enriched transfermium nuclei and not-yet-known nuclei with closed neutron shell N = 126 having the largest impact on the astrophysical r-process. The estimated cross sections for the production of these nuclei look very promising for planning such experiments at currently available accelerators. These experiments, however, are rather expensive and difficult to perform because of low intensities of the massive projectile beams and problems of separating and detecting the heavy reaction products. Thus, realistic predictions of the corresponding cross sections for different projectile-target combinations are definitely required. Some uncertainty still remains in the values of several parameters used for describing the low-energy nuclear dynamics. This uncertainty does not allow one to perform very accurate predictions for the productions of new heavier-than-target (trans-target) nuclei in multinucleon transfer reactions. Most of these parameters (nucleon transfer rate, nuclear viscosity, and fission barriers) are fundamental characteristics of low-energy nuclear dynamics. Determination of the values of these parameters (as well as their temperature dependence) is of significance in its own right. The available experimental data on the production of heavy nuclei in low-energy multinucleon transfer reactions are still insufficient and fragmentary. Several new experiments are proposed, these include those in which the role of shell effects in reaction dynamics can be better clarified. 
Thirty years ago there had been a great deal of interest in the use of heavy-ion multinucleon transfer reactions with actinide targets to produce new neutron-rich isotopes of heavy and superheavy (SH) nuclei. Many such experiments were performed during those times [1] [2] [3] [4] [5] [6] [7] and very interesting information concerning collision dynamics have been derived. The cross sections for production of above-target elements were found to decrease very rapidly with increasing atomic number of surviving heavy nuclei. Nevertheless, the cross section level of 0.1 μb had been reached, and several isotopes of Fm and Md have been synthesized in low-energy collisions of 238 U with a 248 Cm target [5] . It was found that the yields of near-and above-target actinide nuclei depend strongly on the choice of the projectile nucleus [6] . Nuclear structure effects (in particular, the closed neutron shell N = 126) were also observed in the distribution of binary reaction products formed in low-energy dissipative collisions of heavy ions [8] .
Renewed interest in multinucleon transfer reactions with heavy ions has arisen because of the limitations of other reaction mechanisms for the production of new heavy and SH nuclei. It is well known that for the elements with Z > 100 only neutron-deficient isotopes (located to the left of the stability line) have been synthesized so far. The "northeast" area of the nuclear map cannot be reached in the fusion, fission, or fragmentation processes widely used nowadays for the production of new nuclei. Multinucleon transfer processes in near-barrier collisions of heavy (and very heavy, U-like) ions seem to be the only reaction mechanism (besides the multiple neutron capture process [9] ) allowing us to produce and explore neutron-rich heavy nuclei including those located at the SH island of stability.
In our recent study we found that shell effects may give us a gain in the yields of heavy neutron-rich nuclei formed in multinucleon transfer reactions [10] [11] [12] [13] . In particular, the cross section for the production of unknown neutron-rich nuclei located below 208 Pb along the closed neutron shell N = 126 were predicted to be of the order of several microbarns in lowenergy collisions of 136 Xe or 192 Os with a 208 Pb target. Rather optimistic predictions were obtained also for the production of SH nuclei. For near-barrier collisions of 238 U with 248 Cm cross sections higher than 1 pb have been predicted for the production of new neutron-enriched isotopes of elements with Z 106 located already at the stability line or even beyond it.
These are the shell effects which may significantly enhance the yield of SH nuclei for appropriate projectile-target combinations. In Fig. 1 the charge and mass distributions of heavy primary reaction fragments are shown for nearbarrier collisions of 48 Ca and 238 U with a curium target. The "lead peak" manifests itself in both reactions. However, for 48 Ca + 248 Cm collisions it corresponds to the conventional (symmetrizing) quasi-fission process in which nucleons are transferred mainly from a heavy target (here being 248 Cm) to a lighter projectile. This is a well-studied process both experimentally [14] and theoretically [15, 16] . It is caused just by shell effects leading to a deep lead valley on the multidimensional potential energy surface which regulates the dynamics of the heavy nuclear system at low excitation energies.
Contrary to this conventional quasi-fission phenomena, in low-energy collisions of 238 U with a 248 Cm target nucleons may predominantly move from the lighter partner (here being uranium) to the heavy one, i.e., U transforms to a Pb-like nucleus and Cm to a complementary SH nucleus. In this case, the appearance of the lead shoulder in the mass and charge distributions of the reaction fragments automatically leads to a pronounced shoulder in the region of SH nuclei (see Fig. 1 ). We called this the "inverse" (antisymmetrizing) quasi-fission process [10] . This process may really lead to enhanced yields of above-target nuclides, whereas even for rather heavy projectiles (such as 136 Xe) the nuclear system has a dominating symmetrizing trend of formation of reaction fragments with intermediate (heavier than projectile and lighter than target) masses (see Fig. 2) .
A possibility for the production of new heavy neutron-rich nuclei in low-energy multinucleon transfer reactions is under discussion currently in several laboratories (see, for example, [17, 18] ). It is rather difficult to perform such experiments because of the low cross sections, the low intensities of these massive projectile beams, and the problems of detecting the reaction products. In this connection, realistic predictions of the corresponding cross sections for different projectile-target combinations are required as well as test experiments which may confirm or disprove these predictions.
Some time ago a test (surrogate to U + Cm) reaction of 160 64 Gd N=96 + 186 74 W N=112 was proposed [19] , in which the same "inverse" quasi-fission process was expected due to neutron closed shells N = 82 and N = 126 located from the outside of the colliding partners. Recently, such an experiment has been performed [20] . Predicted and observed mass distributions of targetlike nuclides formed in this reaction at E c.m. = 460 MeV are shown in Fig. 3 .
A pronounced shoulder (as compared with the conventional liquid drop model for the potential energy surface used for the calculation of nucleon transfer) has been predicted for the yields of trans-target nuclei (see the thick histogram in Fig. 3 ). Experimental data testify that the shell effects in low-energy multinucleon transfer reactions could be even stronger than expected. Cross sections for transfer of more than 15 nucleons from the lighter projectile to the heavier target were found to be higher than 20 mb. Unfortunately, the experimental technique (catcher foils + off-line radiochemistry) did not allow the experimenters to measure the yields of stable (as well as shortlived) isotopes and to reach the region of expected decrease of the cross sections for the production of translead nuclei (see Fig. 3 ).
Two other reactions, in which experimental cross sections for the production of trans-target nuclei exceed theoretical predictions, are the near-barrier reactions of 64 Ni [21] and 136 Xe [22] with a lead target. The calculated and measured cross sections for these reactions are shown in Figs. 4 and 5. In contrast to the previous case, here the shell effects (magic target and semi-magic projectiles) suppress nucleon transfer, and a monotonic decrease of the cross sections is expected with increasing number of transferred nucleons.
As can be seen from Figs. 4 and 5 experimental yields of Rn (Z = 86), Fr (Z = 87), and Ra (Z = 88) isotopes in the [19] and observed [20] [22] are shown, respectively, by the diamond, the rectangle, and the circle.
On the one hand, this means that formation of new neutron-enriched SH nuclei in low-energy collisions of 238 U with 248 Cm might be even more optimistic than predicted in Refs. [10, 13] . On the other hand, available experimental data on the production of heavy trans-target nuclei in low-energy multinucleon transfer reactions (including those mentioned above) are still insufficient and fragmentary. This impedes improvement of the model to make more accurate predictions (especially in the SH mass area). Experiments of such kind are very difficult to perform due to the problems of on-line identification of heavy reaction products. Nevertheless, additional experimental data in this field are urgently needed not only for better estimations of SH element production but also for better understanding of the mechanisms of multinucleon transfers in low-energy collisions of very heavy ions and for experimental determination of such fundamental quantities of nuclear dynamics as nucleon transfer rate, nuclear viscosity, and so on (see below).
II. THE MODEL
Several models have been proposed and used for the description of mass transfer in deep inelastic heavy-ion collisions, namely, the Focker-Planck [23] and master equations [24] for the corresponding distribution function, the Langevin equations [25] , and more sophisticated semiclassical approaches [26] [27] [28] . The well-known GRAZING code [29] for describing nucleon transfer reactions in heavy-ion collisions is also available on the market (and recently it has become possible to run this code directly at the Nuclear Reaction Video (NRV) website [30] ). The semiclassical model used by this code describes quite well few-nucleon transfer reactions (see, for example, the review paper [31] ). However, multinucleon transfer processes cannot be described within this model; it gives mass distributions of reaction fragments that are too narrow because the damped reaction channels with large kinetic energy loss are not included in the model.
Calculations performed within the microscopic timedependent Schrödinger equations [32] have clearly demonstrated that, at low collision energies of heavy ions, nucleons do not "suddenly jump" from one nucleus to another. Instead, the wave functions of valence nucleons occupy two-center molecular states, spreading gradually over volumes of both nuclei. The same adiabatic low-energy collision dynamics of heavy ions was found also within time-dependent HartreeFock (TDHF) calculations [33, 34] . This means that the perturbation models based on a calculation of the sudden overlapping of single-particle wave functions of transferred nucleons (in donor and acceptor nuclei, respectively) cannot be used for description of multinucleon transfer and quasi-fission processes in low-energy heavy-ion damped collisions. Indeed the two-center shell model and the adiabatic potential energy look most appropriate for the quantitative description of such processes.
A model based on the Langevin-type dynamical equations of motion was proposed recently [15, 16] for simultaneous description of strongly coupled multinucleon transfer, quasi-fission, and fusion-fission reaction channels (which are difficult to distinguish experimentally in many cases). The distance between the nuclear centers, R (corresponding to the elongation of a mononucleus when it is formed), dynamic spheroidal-type surface deformations δ 1 and δ 2 , neutron and proton asymmetries, η N = (2N − N CN )/N CN and η Z = (2Z − Z CN )/Z CN (where N and Z are the neutron and proton numbers in one of the fragments, whereas N CN and Z CN refer to the whole nuclear system) are the most relevant degrees of freedom for the description of mass and charge transfer in deep inelastic scattering jointly with fusion-fission dynamics.
In low-energy damped collisions of heavy ions just the multidimensional potential energy surface regulates to a great extent the evolution of the nuclear system. In our approach we use a time-dependent potential energy, which after contact gradually transforms from a diabatic potential energy into an adiabatic one: [15] . Here t is the time of interaction and f (t) is a smoothing function satisfying the conditions f (t = 0) = 0 and f (t τ relax ) = 1, where τ relax is an adjustable parameter ∼10 −21 s. The diabatic potential energy is calculated within the double-folding procedure at the initial reaction stage, whereas in the adiabatic reaction stage we use the extended version of the two-center shell model [35] , the computational version of which can be found at the website listed in Ref. [36] . Note that the diabatic, V diab , and adiabatic, V adiab , potential energies depend on the same variables and they are equal to each other for well-separated nuclei. Thus, the total potential energy, V (R, δ 1 , δ 2 , η N , η Z ; t), is a quite smooth function of all the parameters, providing smooth driving forces, −∂V /∂q i , at all reaction stages.
For all the variables, with the exception of the neutron and proton transfers, we use the usual Langevin equations of motion with the inertia parameters, μ R and μ δ , calculated within the Werner-Wheeler approach [37] :
Here q i is one of the collective variables, p i is the corresponding conjugate momentum, V eff includes the centrifugal potential, T = √ E * /a is the local nuclear temperature, E * = E c.m. − V eff (q i ; t) − E kin is the excitation energy, γ i is the appropriate friction coefficient, and i (t) is a normalized random variable with a Gaussian distribution. The quantities γ i , E * , and T depend on the coordinates and, thus, on time (with all them evidently being equal to zero at the approaching reaction stage).
Nucleon exchange (nucleon rearrangement) can be described by the inertialess Langevin-type equations of motion derived from the master equations for the corresponding distribution functions [15] 
Here D (1) and D (2) are the transport coefficients. We assume that sequential nucleon transfers play a main role in mass rearrangement. In this case
where the macroscopic transition probabilities λ (±) N,Z (A → A = A ± 1) depend on the nuclear level density [23, 24] , λ Z ∼ ∂V /∂Z, drive the system to the configuration with minimal potential energy in (Z, N) space, i.e., to the optimal Q value. The second terms in these equations, ∼D (2) N,Z , describe the diffusion of neutrons and protons in the system of overlapped nuclei.
For separated nuclei the nucleon exchange is still possible (though it is less probable) and has to be taken into account in Eqs. (2) . We use the following final formula for the transition probabilities:
Here P tr N,Z (R, A → A ± 1) is the probability of one-nucleon transfer (neutron or proton), which depends on the distance between the nuclear surfaces and the nucleon separation energy. This probability goes exponentially to zero at R → ∞ and it is equal to unity for overlapping nuclei. A simple semiclassical formula [38] is used for the calculation of P tr N,Z . Thus, Eqs. (2)- (4) define a continuous change of charge and mass asymmetries during the whole process (where, obviously, dη N,Z /dt → 0 for far separated nuclei).
The neutron and proton transfer rates, λ 0 N,Z , are the fundamental quantities of low-energy nuclear dynamics. However, their values are not well determined. For the first time the nucleon transfer rate, λ 0 , was estimated in Refs. [23, 24] to be about 10 22 s −1 . In our previous study we found that a value of 0.1 × 10 22 s −1 for the nucleon transfer rate is quite appropriate to reproduce experimental data on the mass distributions of reaction products in several heavy-ion damped collisions [15, 16] . However, this quantity is still rather uncertain. Its energy (and temperature) dependence has not yet been studied. A systematic analysis of experimental data on multinucleon transfer reactions at different collision energies is needed to determine the nucleon transfer rate more carefully. In our approach we distinguish the neutron and proton transfers (which is important for prediction of the yields of different isotopes of a given element).
At the approaching stage (for separated nuclei) the probabilities for neutron and proton transfers are different. The Coulomb barrier for protons leads to a faster decrease of their bound-state wave functions outside the nuclei, and, in general,
. However, for well-overlapped nuclei singleparticle motions of protons and neutrons are rather similar, and we assume that the neutron and proton transfer rates are equal to each other, i.e., λ
, and both are parameters of the model (i.e., they are not derived from some microscopic calculations). The model describes quite properly [39] the experimental difference in the cross sections of pure neutron and proton transfers [31] .
Another rather uncertain quantity of low-energy nuclear dynamics is the nuclear friction (nuclear viscosity) responsible for the kinetic energy loss in heavy-ion damped collisions. A great interest in these processes was demonstrated 30 years ago. At that time, however, there was no appropriate theoretical model for obtaining an overall quantitative description of the available experimental data on the mass, charge, energy and angular distributions of reactions products. A number of different mechanisms to explain the energy loss in heavy-ion collisions have been suggested in the literature. A discussion of the subject can be found, e.g., in Refs. [40] [41] [42] [43] . The uncertainty in the strength of the nuclear viscosity (as well as its form factor) is still large. Moreover, microscopic analysis shows that nuclear viscosity may also depend strongly on nuclear temperature [44] .
For overlapping nuclei (mononucleus configuration) the two-body nuclear friction can be calculated within the Werner-Wheeler approach [37] . The corresponding viscosity coefficient μ 0 is estimated to be of the order of 10
−23
MeV s fm −3 [37, 45] . The one-body dissipation mechanism [46, 47] leads in general to even stronger nuclear friction. Note that in all the approaches the nuclear viscosity was found to be rather large, leading to so-called overdamped collision dynamics. For well-overlapped nuclei, kinetic energy in all degrees of freedom is rather low and the excited nuclear system creeps along the potential energy surface in multidimensional configuration space. For such overdamped dynamics the Langevin equations (1) are often reduced to the Smoluchovski equations for q i [42, 48] , which might be solved more easily (but in our calculations we do not use such a reduction).
The mass, energy, and angular distributions of binary reaction products depends strongly on the form factor (e.g., on the radius) of friction forces, and not so much on its strength. The strength parameter of nuclear friction (for separated nuclei) and its form factor are discussed in Refs. [15, 16] .
The double differential cross sections of all binary reaction channels are calculated as follows:
Here N N,Z (b, E, θ) is the number of events at a given impact parameter b in which a nucleus (N, Z) is formed in the exit channel with a kinetic energy in the region (E, E + E) and with a center-of-mass outgoing angle in the interval (θ, θ + θ ), and N tot (b) is the total number of simulated events for a given value of the impact parameter. This number depends strongly on the low level of the cross section which one needs to reach in calculation. For predictions of rare events with cross sections of 1 μb (primary fragments) one needs to test no fewer than 10 7 collisions (as many as in a real experiment). Expression (5) describes the mass, charge, energy, and angular distributions of the primary fragments formed in the binary reaction. Subsequent de-excitation cascades of these fragments via emission of light particles and γ rays in competition with fission are taken into account explicitly for each event within the statistical model, leading to the final distributions of the reaction products. Parameters of this model can be found in Ref. [49] , and all the decay widths can be calculated directly at the NRV website [50] . The sharing of the excitation energy between the primary fragments is assumed here to be proportional to their masses (which is also a debatable problem).
III. FORMATION OF TRANS-TARGET NUCLEI IN HEAVY-ION DAMPED COLLISIONS: TEST REACTIONS
Our model (formulated in Refs. [15, 16] and briefly described above) was successfully used for a quantitative description of available experimental data on heavy-ion deep inelastic scattering and quasi-fission processes [15, 16, 39, 51] . Rather satisfactory quantitative description of all experimental regularities of these reactions, namely, the mass, charge, energy, and angular distributions of reactions fragments, was obtained. Several predictions have been made within the model for the production of new neutron-rich heavy nuclei located along the closed neutron shell N = 126 [11] (the last waiting point in astrophysical nucleosynthesis) and in the SH mass area [39] .
However, as mentioned above, a careful analysis of available and new experimental data demonstrates that our model probably underestimates the yields of reaction fragments with masses heavier than the target mass. In Fig. 6 case of the 86 Kr + 166 Er reaction only light (projectilelike) fragments were detected and the right part of the plot is drawn by assuming a binary reaction mechanism. For the 136 Xe + 208 Pb collision both fragments were detected in coincidence by the two-arm time-of-flight spectrometer [22] with a mass resolution of 7 units. Coincidence allows one to avoid contamination by fission fragments of excited targetlike nuclei.
As can be seen, the model describes quite well the yields of reaction fragments with intermediate masses A proj < A 1 , A 2 < A targ , and it definitely underestimates the probability for the formation of reaction products with A 1 < A proj and A 2 > A targ .
Note that the "mass antisymmetrization" (formation of A 1 < A proj and A 2 > A targ ) is energetically unfavorable for both systems. Q values become more and more negative with decreasing A 1 (and increasing A 2 ), whereas the production of intermediate masses (A proj < A 1 , A 2 < A targ ) is accompanied by close to zero or even positive Q values. In addition, this leads to a much sharper decrease of the calculated cross sections for the "antisymmetrizing" exit channels. However, in experiments this Q-value effect is less visible (see Fig. 6 ). Such an underestimation of the cross sections for the formation of trans-target nuclei can be very important for planning future experiments on the production of neutron-rich isotopes of SH elements in multinucleon transfer reactions [17, 18] .
To improve the model and to adjust more carefully the values of some parameters (nucleon transfer rate, nuclear viscosity, and so on) we need to perform a more systematic analysis of the experimental data. Unfortunately, there are only scanty experimental data on the production of trans-target reaction fragments in low-energy damped collisions of heavy ions. As already mentioned, it is very difficult to perform such experiments especially with actinide targets because of the high fission probability of excited heavy reaction products. In this connection some surrogate reactions must be searched for and studied experimentally.
To study the shell effects leading to the enhanced yield of trans-target fragments ("antisymmetrizing" mass transfer) one needs to choose projectile-target combinations with nonmagic initial nuclei (not like the 136 Xe + 208 Pb reaction in which the nucleon diffusion dominates because the initial configuration is already located at the bottom of a deep potential valley due to high binding energies of these nuclei). One such combination, 160 Gd + 186 W, was already proposed [19] and studied experimentally [20] (see above). In this system one neutron closed shell (N = 82) is located to the "left" of the projectile whereas the other (N = 126) is located to the "right" of the target on the fragment mass axis. Our calculations predicted an unusual mass distribution of reaction fragments in this reaction, and in the experiment it was found to be even more exotic: almost constant values of the cross section for formation of nuclei with A > A targ (see Fig. 3 ).
Unfortunately, as already mentioned, the experimental technique used did not allow one to measure the yields of stable and short-lived isotopes nor to see the total shape of the mass distribution. It is very desirable to repeat this experiment with on-line measurement of the mass (and probably charge) distribution.
In Fig. 7 the calculated reaction fragment mass distributions in collisions of 160 Gd with a 186 W target are shown depending on the value of the nucleon transfer rate λ 0 . In contrast with 136 Xe + 208 Pb, the mass distribution in this reaction is rather sensitive to the values of the model parameters, which, thus, could be adjusted more precisely from comparison with experimental data would they become available in a wide region of fragment masses. Note that in this case the mass distribution depends strongly on the experimental conditions. The yield of fragments with masses close to the projectile and target masses decreases by one order of magnitude if the quasielastic events with low energy loss (E loss < 20 MeV) are excluded (see the thin histogram in Fig. 7) .
The influence of the nucleon transfer rate on the mass distribution of reaction fragments in low-energy heavy-ion collisions is not so evident. In the case of 160 Gd + 186 W collision a larger value of the nucleon transfer rate leads to a wider mass distribution of reaction fragments with A 1 < A proj and A 2 > A targ (see Fig. 7 ). However, in other reactions just the yield of fragments with intermediate masses, Fig. 8) . Thus, to derive more precisely the value of this fundamental parameter (including its temperature dependence) more experimental data are needed for several projectile-target combinations at several collision energies.
As already mentioned, such experiments are difficult to perform not only because of the low beam intensity of heavy projectiles but also because of the problem of identification of heavy (trans-target) reaction fragments. (On-line mass identification can be done by using the time-of-flight technique with an accuracy of several mass units, but for the moment there is no method for charge identification of such fragments.) Consequently, the decay properties of the final reaction fragments are often used for their identification (see, e.g., [20] [21] [22] ).
In this connection, study of the multinucleon transfer reactions in which the trans-target reaction products are located in the region of known α-decaying nuclei (Z > 83) may look quite appropriate. In Fig. 9 the estimated isotopic yields of heavy elements (from At to U) produced in the reaction 192 Os + 197 Au at E c.m. = 610 MeV are shown. For most of these isotopes α decay dominates with well-known α lines. Both long-lived and short-lived α-decaying isotopes are there, and, thus, off-line and on-line identification of them are possible. As can be seen, one may expect to measure transfer up to 13 protons (more than 30 nucleons) to the target with the cross sections at the level of a few tens of nanobarns. 
IV. ACTINIDE BEAMS AND TARGETS
The use of actinide beams and/or actinide targets makes it possible to produce new neutron-enriched isotopes of transfermium elements located along the stability line and to the right of it, that is, in the unexplored area of the nuclear map. The most promising reaction is 238 U + 248 Cm, which was already studied experimentally [5] and theoretically [12, 13] . We performed a more careful analysis of this reaction by trying to determine the uncertainty of our predictions conditioned by the uncertainty in the values of some model parameters, such as proton and neutron transfer rates and nuclear viscosity (see above).
In Fig. 10 the results of our new calculations are shown for the formation of primary and surviving isotopes of some transfermium elements in the reaction 238 U + 248 Cm at a center-of-mass energy of 770 MeV. The obtained results are rather optimistic. As can be seen, new neutron-rich isotopes of transfermium elements with Z = 100-104 (located already at the stability line and beyond it) can be produced with cross sections of several hundreds of picobarns. The cross sections for the production of new neutron-rich isotopes of seaborgium and hassium (Z = 106, 108) are also higher than 1 pb. Note that the enhanced yield of primary trans-target nuclei with A > 265 in this reaction is conditioned just by the shell effects (see Fig. 1 ), namely, by decreasing the potential energy in the channels with formation of projectilelike fragments close to the doubly magic nucleus 208 Pb. Owing to the extremely low survival probability of excited heavy primary trans-target reaction fragments the cross sections for the production of SH nuclei located just in the middle of the island of stability (Z ∼ 112, N ∼ 180) were found to be less than 1 pb in this reaction [12, 13] . This is too low to perform experiments aimed at the production of these nuclei at available facilities. However, as mentioned above, our model probably underestimates the yields of primary trans-target reaction fragments.
A rather unusual dependence of the calculated cross sections on the value of the nucleon transfer rate was found. Increasing this parameter by a factor of 2 leads to an increase (also by a factor of 2 or 3) only in the yields of neutron-enriched primary trans-target fragments (see the thin dashed curves in Fig. 10 ). At the same time, this leads to an increase in the yields of final (surviving) neutron-enriched isotopes of trans-target elements by more than one order of magnitude. This means that larger values of the nucleon transfer rate λ 0 may lead in this reaction to formation of less excited heavy trans-target nuclei at an earlier reaction stage (since a lower excitation energy means a higher survival probability and a smaller number of evaporated neutrons). As already mentioned, uncertainty in the values of nuclear friction parameters (responsible for the damping of relative motion kinetic energy) has a weaker impact on the yields of transtarget reaction fragments (because of the high strength of the nuclear viscosity). Additional uncertainty of the predictions for the formation of neutron-enriched transfermium nuclei in multinucleon transfer reactions arises from the uncertainty of their survival probability, which strongly depends on the fission barriers of these nuclei, which also cannot be estimated very accurately. Taken together these factors mean that at the moment one cannot make such predictions very precisely, so at least factor of 10 should be kept in mind.
The other combinations of actinide projectiles and targets can also be considered for future experiments on the production of new transuranium nuclei. In Fig. 11 the calculated cross sections are shown for the production of primary reaction fragments and fermium isotopes in damped collisions of 232 Th with several actinide targets, 238 U, 244 Pu, and 248 Cm. The collision energies were adjusted in such a way that for all three cases they exceed by about 10 MeV the corresponding potential energies of contact (tip-to-tip) configurations of colliding nuclei with ground-state deformations. Note that this contact potential energy may decrease afterward owing to dynamic deformations of both nuclei and nucleon rearrangement with positive Q values (leading thus to a further increase of nuclear temperature).
As can be seen, the cross sections for the production of the heaviest trans-target primary fragments with A ∼ 280 are more or less equal for all these reactions [see Fig. 11(a) Actinide beams (as well as actinide targets) might be successfully used also for the production of new neutron-rich nuclei around the closed neutron shell N = 126, the region having the largest impact on the astrophysical r-process. Near-barrier collisions of 136 Xe and 192 Os with a 208 Pb target were predicted to be quite promising for the production of new nuclei with N ∼ 126 [11, 13] . The corresponding cross sections were found to be about 1 μb and less. The use of heavy radioactive ion beams (such as 132 Sn [13] or 154 Xe [53] ) gives a gain in the nucleon transfer cross sections but not in the final yields of new neutron-rich nuclei because of the low intensity of these beams.
Low-energy collisions of stable neutron-rich isotopes of elements located below lead (such as 192 Os or 198 Pt) with available actinide nuclei look more favorable for the production and study of new neutron-rich nuclei located around the neutron closed shell N = 126. The distribution of primary fragments formed in transfer reactions is concentrated around the line connecting the projectile and the target (just due to conservation of proton and neutron numbers). If one reaction partner has a neutron excess (such as 238 U), then this line will be inclined to the neutron axis. The distribution of primary fragments in the (Z, N) plane is shown in Fig. 12 for the case of transfer reaction products formed in low-energy collisions of 198 Pt with 238 U at E c.m. = 700 MeV. As can be seen a lot of new isotopes in the region of the closed neutron shell N = 126 can be synthesized in this reaction.
Estimated cross sections for the production of the final (surviving) isotopes of the elements with Z = 71-78 in low-energy collisions of 198 Pt with 238 U are shown in Fig. 13 . On average, 
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the cross sections for the production of new neutron-rich heavy nuclei (including those located along the closed neutron shell N = 126) in this reaction are higher than in collisions of 136 Xe or 192 Os with a 208 Pb target [13] (though a contamination by uranium fission fragments probably may reduce this gain in the cross sections).
V. CONCLUSION
Low-energy multinucleon transfer reactions look quite appropriate for the production of new neutron-enriched heavy nuclei. Reactions with actinide beams and targets are of special interest for synthesis of new neutron-enriched transfermium nuclei and not-yet-known nuclei with the closed neutron shell N = 126 having the largest impact on the astrophysical r-process. However, it is rather difficult to perform these experiments because of the low beam intensities of the massive projectiles and problems with separating and detecting the heavy reaction products. In this connection, realistic predictions of the corresponding cross sections for different projectile-target combinations are definitely required.
The estimated cross sections for the production of new neutron-enriched heavy nuclei in low-energy multinucleon transfer reactions are found to be very promising (see, for example, the case of 198 Pt + 238 U) for planning such experiments at currently available accelerators. Unfortunately, some uncertainty remains in the values of several parameters used in the calculations. This uncertainty does not allow one to perform very accurate predictions for the productions of new (especially trans-target) nuclei in multinucleon transfer reactions. Most of these model parameters (nucleon transfer rate, nuclear viscosity, and fission barriers) are fundamental characteristics of low-energy nuclear dynamics. Determination of the values of these parameters (as well as their temperature dependence) is of significance in its own right. The available experimental data on the production of heavy nuclei in low-energy multinucleon transfer reactions are still insufficient and fragmentary. Urgently needed are new experiments, including those in which the role of shell effects in reaction dynamics can be clarified. Careful experimental study of the mass distributions in damped collisions of 160 
